Abstract: Nanoscale FeAl 2 O 4 was successfully synthesized via sol-gel method. The sol constituents containing iron and aluminum cations were formed homogenously in stearic acid gel (formation of organic precursor). The pure structural analysis and the size of the spinels were confirmed by X-ray diffraction (XRD). It was observed that the size of the nanoscale materials obtained at around 30-40nm. The micrographs of FeAl 2 O 4 evidenced the homogenous and nanosize formation of spinel. The semiconducting behavior of this mixed metal oxide was observed at 3.14eV based on the band gap energy (E g ). The final nanoscale materials exhibited a superparamagnetic behavior with a saturation magnetization of 9.8 emu/g at applied field of 10 kOe.
Introduction
Spinel itself is AB 2 X 4 , and oxide spinels, in general, have the formula AB 2 O 4 . The current structure consists of a ccp array of O 2-ions, the A and B cations occupy one-eighth of the tetrahedral holes and half the octahedral holes, respectively ( Figure 1 ). In fact, in spinels the partial swapping of the metal ions can observe between tetrahedral and octahedral sites. Most oxide spinels are formed with a combination of A 2 + and B 3 + cations.
The d-block higher oxides Fe 3 O 4 , Co 3 O 4 , and Mn 3 O 4 , and many related mixed-metal compounds, such as ZnFe 2 O 4 , have very useful magnetic properties. They all adopt the structural type of the mineral spinel.
The advent of transition-metal aluminates for various applications due to the magnetic and chemical properties of spinels in catalysts and nanopigment has been reported [1] [2] [3] [4] [5, 6] . It is reported that the hercynite exhibits a magnetization in spite of the normal spinel [7] . The preparation of FeAl 2 O 4 is importance due to its potential application as a magnetic material. Transition metal aluminates are commonly prepared by a solid state reaction, coprecipitation method, hydrothermal, combustion and sol-gel. The disadvantages of solid-state routes, such as inhomogeneity, lack of stoichiometry control, high temperature and low surface area, are improved when the material is synthesized using a solution-based method.
Compared with other techniques, the sol-gel method is a useful and attractive technique for preparation of aluminate spinels because of its advantage of producing pure and ultrafine powders at low temperatures [8] .
In this work, we report the synthesis of the pure FeAl 2 O 4 nanopowders via sol-gel process using stearic acid. This method consists of formation of an organic precursor, with metallic cations homogeneously distributed throughout the matrix. The carboxylic acid group and long carbon chain in stearic acid endow it with strong ability to disperse metal precursors [9] . This synthetic technique can be easily controlled and is more convenient for synthesis of pure mixed metal oxides nanoparticles. Most of the recent studies have been focused on magnetic properties of FeAl 2 O 4 material; however, the semiconducting properties of nanocrystalline FeAl 2 O 4 have not been widely investigated. Hence, enhancing of the as mentioned spinels with tunable functionalities as a semiconductor magnetic ceramic was achieved a great interest.
Experimental Materials and method
All chemical reagents used in our experiments were of analytical grade and were used as received without further purification.
The appropriate amounts of Fe(NO 3 ) 3 .6H 2 O and Al(NO 3 ) 2 · 9H 2 O (with a Fe: Al molar ratio of 1:2) were individually dissolved in distilled water. Then, two mixtures were added to the melted stearic acid and stirred to form homogeneous mixture and heated in an oven at 120°C for 3 h. In this stage, diffusion of metallic cations from aqueous to organic phase was occurred and homogeneous sol consists of stearic acid and metallic cations was obtained. The gel was then calcined at three stages to obtain FeAl 2 O 4 . The dried gel was heated in the rate of 3°C min -1 up to 230°C. At this temperature the heating was continued for 12 h constantly. In the second stage, the temperature was increased up to 372°C and held constant for 1 h, until the Stearic acid was evaporated.
In the last stage, the temperature was increased up to 700°C and held constant for each sample for 4 h to obtain FeAl 2 O 4 nano powders.
Characterization X-ray diffraction (XRD) patterns were recorded by a Rigaku D-max C III, X-ray diffractometer using Ni-filtered Cu Kα radiation. Scanning electron microscopy (SEM) images were obtained on Philips XL-30ESEM. UV-Vis spectroscopy (diffuse reflectance) of the iron aluminate nanostructure was performed with a Shimadzu UV/3101 PC in range between 400 and 700 nm. Thermo-gravimetric analysis (TGA) was carried out using a thermal gravimetric analysis instrument (Shimadzu TGA-50H) with a flow rate of 20.0 mL min -1 and a heating rate of 10°C min -1 . Nitrogen adsorption measurements were performed at 77 K using a Coulter Omnisorb 100CX instrument. Micropore volumes were determined by the t-method; a "monolayer equivalent area" was calculated from the micropore volume [10, 11] . The magnetic measurement was carried out in a vibrating sample magnetometer (VSM) (BHV-55, Riken, Japan) at room temperature. The L* a* b* color parameters of the sample were measured using the standard lighting D65 according to the Commission Internacionale de IÉclairage (CIE) -L* a* b* colorimetric method recommended by CIE where L*, a* and b* are the lightness axis [black (0) → white (100), the green (−) → red ( + ) axis and the blue (−) → yellow ( + ) axis, respectively.
Results and discussion
The XRD pattern of as-prepared 
where β is the breadth of the observed diffraction line at its half-intensity maximum, k is the so-called shape factor, which usually takes a value of about 0.9, and λ is the wavelength of X-ray source used in XRD. The morphology of the FeAl 2 O 4 nano powders was examined by SEM (Figure 3(a, b) ). From the micrographs, it was observed that the nanoparticles have semi-pyramidal morphology and diameters of the particles are about 30-40nm. Also, these micrographs show highly specific area on the surface of the particles. This type of morphology may provide more possibility to give an ideal host material for the insertion and extraction of guest ions, to realize region-dependent surface reactivity, and to act as molecular sieves. The particle sizes of samples obtained from SEM images were in good agreement to the estimated particle size by XRD results. The surface area and the total pore volume were obtained using the BET method and were calculated from the adsorption data in the relative interval from 0.05 to 0.2 of the adsorption branch of the isotherm at P/P 0 = 0.977. The corresponding values of the BET surface area are shown in Table 1 . These materials display large pore volumes, a characteristic of mesoporous materials [2] .
The energy gap (E g ) is an important characteristic of semiconductors that shows their applications in optoelectronics [13, 14] . For achieving the purpose, (UV-Vis spectroscopy) diffuse reflectance spectroscopy (DRS) using Kubelka-Munk (K-M or F(R)) was applied. The determination of E g by applying the K-M method presents great advantages. The K-M method is based on eq.
(1) [15] :
where R is the reflectance; F(R) is proportional to the extinction coefficient (α). The equation is usually used to highly light scattering materials and absorbing particles in a matrix. The basic K-M model assumes the diffuse illumination of the particulate coating. A modified K-M function can be achieved by multiplying the F(R) function by hν (eq. (3)), using the corresponding 
By plotting (F(R) × hν) n as a function of energy (eV), the band gap of semiconductor materials can be obtained. Figure 4 demonstrates the plot (F(R) × E) 2 versus E.
Using Figure 4 the values obtained for E g was 3.14 eV for FeAl 2 O 4 nanopowders.
Thermogravimetry (TG) and differential scanning calorimetry (DSC) curves for FeAl 2 O 4 nanopowders at the heating rate of 10°C/min were shown in Figure 5 . The red curve in Figure 5 indicated that the TG measurement of the nanopowders decreased by 4.55 %, which was caused by material dehydration. However, no remarkable decline appeared when the temperature was continuously increased to 450°C, indicating a relative thermal stability of the FeAl 2 O 4 nanopowders, and no decomposition was observed. Also from the TG profile it is obvious that the as prepared FeAl 2 O 4 is purely formed. Figure 6 shows the hysteresis loops of synthesized iron aluminate nanoparticles. It can be seen that the saturation magnetization (M S ) is about 9.8 emu/g at an applied field of 10 kOe, presenting a superparamagnetic behavior. Compared with the Hc value of bulk FeAl 2 O 4 reported in the literature (6,300 Oe), the produced FeAl 2 O 4 nanocrystals exhibited smaller coercivity, which is attributed to the nanosized iron aluminate particles in which the surface areas are larger [16] .
The color efficiency of pigments was evaluated by colorimetric analysis (L* = 21.63, a* = -0.04 and b* = 0.72).
Positive value of a * shows predominance of green color in the sample. Low value of L*, a* and b* indicate that nanopowders has dark color.
Conclusion
This study has clarified that pure FeAl 2 O 4 nanopowders was successfully synthesized by sol-gel method using stearic acid as complexing reagent. The XRD and SEM results have been proved the particle sizes ranging from 30 to 40 nm and pore volumes (0.3556 cm 2 g -1 ), a characteristic of mesoporous materials. Using Kubelka-Munk model, it has been concluded that the product has a direct band gap value of 3.14 eV which is in the range of effective photo-catalysts systems and also is an effective stable pigment for Dye-sensitized solar cells (DSSCs). Applying homogenous, uniform and nanostructure of the synthesized iron aluminate as Nano layer or thin film on steel materials improves the tribological and anticorrosive properties.
